Ilmenite occurs as an intercumulus phase in most gabbroic rocks and some plagioclase wehrlites of the Asama igneous complex, an ultramafic-mafic layered intrusion in the Mikabu greenstone belt, central Japan. The Mg/(Mg + Fee+) ratio of ilmenite reaches 0.35, but generally ranges from 0.01 to 0.22; the Fe3+ content varies from 0.04 to 0.26 pfu (per formula unit calculated on the basis of 0 = 3). Ilmenite crystallized together with intercumulus clinopyroxene in plagioclase wehrlite, but most of the calculated clinopyroxene-ilmenite temperatures are much lower than the magmatic temperature. The subsolidus Mg Fe2+ exchange probably occurred between ilmenite and surrounding olivine and pyroxene during the cooling stage of the igneous body. Ilmenite, entirely surrounded by plagioclase, occurs in plagioclase wehrlite of a lower portion of the exposed layered sequence; it contains about 9 wt.% MgO, and is the most magnesian in the complex. The ilmenite shows clinopyroxene-ilmenite equilibration temperatures of 980-1100°C, and seems to preserve the magmatic composition. The Ti02 solubility of melt and the MgO distribution coefficient ilmenite/melt suggest that the Asama magma crystallizing the ilmenite contained 3-5 wt.% Ti02 and 6-7.5 wt.% MgO. The Asama magma was apparently similar to Hawaiian tholeiites, and different from mid-oceanic ridge basalts or island-arc tholeiites. The Asama complex is considered to have formed in an oceanic island.
INTRODUCTION
Ilmenite occurs as a minor phase in many ig neous rocks ranging in composition from ultra mafic to silicic. The composition of ilmenite changes with magmatic differentiation (e.g., Snyder et al., 1993) ; it also varies according to type of parental magma (e.g., Cawthorn et al., 1988) . The MgO content of ilmenite reaches 20 wt.% in kimberlites (Shee, 1984; Haggerty and Tompkins, 1984) , but is usually less than 3 wt.% in basaltic rocks (Duchesne, 1972; Elsdon, 1972; Haggerty, 1976) ; ilmenite in granitic rocks is de pleted in MgO and tends to be enriched in MnO (Tsusue, 1973; Neumann, 1974; Agata and Suwa, 1983; Frost and Linsley, 1991) . Although some authors (Lightfoot et al., 1987; Agata, 1995) have suggested that subsolidus compositional changes of ilmenite occur as the result of reactions with silicate minerals, the composition of ilmenite has been often used as an indicator of chemical con ditions of parental magma (Cawthorn et al., 1985; Cawthorn and Biggar, 1993) .
Ilmenite was frequently observed in the Asama igneous complex, an ultramafic-mafic layered in trusion of late Paleozoic age in the Mikabu greenstone belt, Sambagawa metamorphic terrane, Toba area, central Japan (Fig. 1) . The ilmenite contains up to 9.1 wt.% MgO, and shows a rela tively extensive compositional variation in the layered sequence. The present paper describes the occurrence and chemistry of ilmenite in the Asama igneous complex, and discusses its genesis. The discussion also extends to the nature of the Asama magma crystallizing ilmenite.
A brief account of geology of the Toba area Nakamura (1971) , Agata (1994) , and Agata and Adachi (1995) . has been given by Nakamura (1971) , who has first described layered structures in the Asama igneous complex. The stratigraphy and petrography of the complex have been investigated by Agata (1989 Agata ( , 1994 , who has proposed that the Asama parental magma was tholeiitic.
GEOLOGICAL BACKGROUND
The Asama igneous complex occupies an ex posed area of about 500 x 6000 m in the Mikabu greenstones ( Fig. 1) (Agata, 1989 (Agata, , 1994 that are products of marine igneous activity (e.g., Kanmera, 1971; Sugisaki et al., 1972; Suzuki, 1977) . The margins of the complex terminate against basaltic rocks by faults. There is no trace of a chilled margin, and no thermal effect has been recognized in the surrounding basaltic rocks. The amount of intercumulus ilmenite reaches 5 vol.% in plagioclase wehrlite samples, but is generally less than 2%. No exsolution was recog nized in discrete ilmenite grains under microscope. Ilmenite in plagioclase wehrlites commonly shows anhedral grains, 0.3-3 mm across, and fills inter stices among cumulus minerals. It rarely forms large poikilitic grains (>10 mm in diameter) that envelop several euhedral grains of cumulus oli vine (Fig. 3) . Ilmenite in gabbroic rocks usually forms anhedral grains, less than 1 mm across, and is interstitial to cumulus minerals. Fig. 3. Photomicrograph of poikilitic ilmenite in plagioclase wehrlite (sample TG-27B). Poikilitic ilmenite grain (black) encloses olivine grains that have been entirely altered to serpentine. Serpentine in core of pseudomorph after olivine is associated with fibrous clinopyroxene, chlorite and magnetite that were formed during serpentinization (Agata and Adachi, 1995) . Width of field is 1.7 mm. Plane-polarized light. but the margins, in many cases, are enriched in Mn, as shown in Fig. 4 . Mn-rich ilmenite occurs also as veins along cracks in many ilmenite grains, and is apparently not magmatic. Mn-rich ilmenite was found in rims of chromite-ilmenite intergrowth and is associated with "Ferritchromit" (Fe3+-rich Cr spinel formed as the result of alter ation of magmatic chromite; Ramdohr, 1969) , which was formed during the Sambagawa meta morphism (Agata and Adachi, 1995) . Mn-rich il menite was probably an alteration product during the Sambagawa metamolphism. The MnO contents of olivine and serpentine in the Asama complex are 0.15-0.27 and <0.02 wt.%, respectively (Agata, 1994; Agata and Adachi, 1995) ; most Mn in Mn rich ilmenite might have come from olivine that was altered to serpentine.
The Mg/(Mg + Fee+) ratio of ilmenite except for secondary Mn-rich ilmenite ranges from 0.01 to 0.35 in the complex (Fig. 5) The composition of ilmenite was plotted against the stratigraphic height (Fig. 6) 
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Fe 2+ exchange between clinopyroxene and ilmenite is very sensitive to temperature, and is a good geothermometer (Bishop, 1980) . Both clinopyroxene and ilmenite are intercumulus in the Asama plagioclase wehrlites; no exsolution was observed in ilmenite and clinopyroxene grains under microscope. The clinopyroxene-ilmenite in the Miyamori ultramafic complex (Ozawa, 1983) . The causes of the Fo mole % increase in the Asama complex may include some reaction in which ilmenite and olivine participate. The il menite has no secondary Mn-rich margins at the contact with the olivine, and the olivine-ilmenite geothermometer (Anderson and Lindsley, 1979) indicated about 620°C for the olivine-ilmenite pair at the immediate contact. Since no other minerals occur at the contact, the reaction, causing the Fo increase, seems to have been subsolidus Mg Fe2+ exchange between the ilmenite and the adjacent olivine. The Fo increase at the contact suggests that Mg in the ilmenite migrated into the olivine, whereas equivalent Fe2+ in the olivine was re moved into the ilmenite. Ilmenite surrounded by clinopyroxene occurs in this sample. The clinopyroxene is relatively Mg-rich near the con tact with the ilmenite, and the clinopyroxene-il menite geothermometer (Bishop, 1980) indicated about 760°C at the immediate contact. Subsolidus Mg Fe2+ exchange probably occurred also be tween the ilmenite and the adjacent clinopyroxene. 
DISCUSSION
The Asama ilmenite entirely surrounded by plagioclase is magmatic, and contains about 9 wt.% MgO. High MgO (>6 wt.%) ilmenite is a rather rare mineral in igneous rocks, and typically occurs in kimberlite and related rocks (Shee, 1984; Haggerty and Tompkins, 1984) . Many authors (e.g., Haggerty, 1976) have proposed that ilmenite crystallized from basaltic magma usually contains less than 3 wt.% MgO. High MgO ilmenite has been reported exceptionally from some alkaline basaltic rocks (Kyle, 1981) , from Kilauea tholeiite (Anderson and Wright, 1972) , and from some picritic basalts and the Mount Ayliff intrusion in the Karoo province (Cawthorn et al., 1988 (Cawthorn et al., , 1989 .
The crystallization of ilmenite from natural basaltic to andesitic melt has been experimentally investigated by many authors Grove and Juster, 1989; Snyder et al., 1993) . Figure 8 (A) shows the Ti02 solubility of basaltic to andesitic melt equilibrated with ilmenite in these experiments. The Ti02 solubility decreases with increasing Si02 content of melt at T = 1000 1200°C: 3-5 wt.% in basaltic melt and less than 3 wt.% in andesitic melt. Similar results have been reported for melt coexisting with Ti02-rich phases including rutile, sphene and armalcolite (Green and Pearson, 1986; Cawthorn and Biggar, 1993) . The MgO content of ilmenite is presumably controlled by the MgO distribution between il menite and melt, and the distribution coefficient is estimated to be 1.34(13) at 1000-1200°C from experimental data (Fig. 8(B) ). The Asama magmatic ilmenite crystallized at 980-1100°C. The Ti02 solubility of the magma and the MgO distribution coefficient were pre sumably similar to those estimated from the ex perimental results at 1000-1200°C. The ilmenite is an intercumulus mineral of olivine-chromite heteradcumulate, and precipitated together with magnesian clinopyroxene and plagioclase; the magma crystallizing the ilmenite was presumably basaltic. The Ti02 solubility of melt (Fig. 8(A) ) suggests that the ilmenite-saturated Asama basal tic magma contained 3-5 wt.% Ti02. The MgO content of the magma was estimated to be 6-7.5 wt.% from the MgO distribution coefficient be tween ilmenite and melt (Fig. 8(B) ).
The Mikabu greenstone belt, including the Asama complex, comprises an ophiolite sequence (Suzuki, 1977) , and its igneous activity is generally considered to have taken place in a marine envi ronment (e.g., Kanmera, 1971; Sugisaki et al., 1972) . The presence of cumulus orthopyroxene suggests that the Asama parental magma was tholeiitic.
Tholeiites in marine environments comprise mid-oceanic ridge basalts, island-arc tholeiites and oceanic-island tholeiites including Hawaiian tholeiites (Mullen, 1983) . The Ti02 content of magma is generally considered to vary according to magma type in marine environments (e.g., Pearce et al., 1975; Mullen, 1983) ; it also changes with magmatic differentiation. Figure 9 shows the compositions of Hawaiian tholeiites, mid-oceanic ridge basalts and island-arc tholeiites in the Ti02 vs. MgO diagram. The compositional field of Hawaiian tholeiites in the diagram, in general, is more Ti02-rich than those of mid oceanic ridge basalts and island-arc tholeiites. The Hawaiian tholeiite field overlaps the field of mid oceanic ridge basalts in the MgO-poor portion. The overlap, however, is very narrow where the MgO content exceeds 5 wt.%. High Ti02 content of magma is a distinguishing feature of Hawaiian tholeiites.
The plot of the Asama magma in the Ti02 vs. MgO diagram, inferred from the ilmenite compo sition, lies close to the Hawaiian tholeiite field (Fig. 9) . Although the Ti02 and MgO estimates in the Asama complex are approximate, the Asama (Wright and Okamura, 1977; Wright and Peck, 1978; Nicholls and Stout, 1988; Wilkinson, 1991) ; MORB: mid-oceanic ridge basalts (Bryan, 1979; Walker et al., 1979; le Roex et al., 1982 le Roex et al., , 1996 Fornari et al., 1983; Allan et al., 1989) ; IAT: island-arc tholeiites including andesites (Barsdell, 1988; Ikeda and Agata, 1988; Defant et al., 1991; Kersting and Arculus, 1994 (Agata, 1994) . The Asama igneous complex is considered to have formed in an oceanic island.
